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Introduction
Simvastatin (SMV) is the most frequently prescribed statin for hypercholesterolemia [1, 2] , which blocks 3-hydroxy-3-methyl coenzyme A (HMG-CoA) reductase, a rate-limiting enzyme of the cholesterol biosynthetic pathway [3] . SMV can effectively lower total and low-density lipoprotein (LDL) cholesterol in blood and alleviate hypercholesterolemia, which is crucial to prevention of atherosclerosis and coronary heart diseases. Multiple large cardiovascular disease outcome trials such as PROVE-IT, TNT and IDEAL corroborated the clinical value of statin therapy in prevention of atherosclerotic cardiovascular disease [4] [5] [6] .
Isoproterenol (ISO) is a non-selective β-adrenergic receptor ( β-AR) agonist. Excessive β-AR stimulation is closely related to cardiac remodeling which is characterized by hypertrophy and fibrosis both in vivo and in vitro [7, 8] . In clinic, excessive activation of the sympathetic nerve is one of the common pathological features of many patients with cardiovascular diseases such as hypertension, coronary heart disease, arrhythmias and cardiomyopathy. SMV has been reported to have protective effects on ISO-induced cardiac hypertrophy [9] .
With the wide use in clinic, the adverse effects of statins, such as gastrointestinal disturbance, hepatotoxicity and myopathy, are reported increasingly [10] . It was reported that the rate of statin-related events was nearly 18% and musculoskeletal symptoms predominated accounting for 40% of statin-related events, which is manifested in different forms [11] . According to ACC/AHA/NHLBI and FDA [12] , definitions of muscular adverse effects of statin therapy include asymptomatic Creatine Kinase (CK, biochemical marker enzyme of myocardial injury) elevation, myopathy (every kinds of muscular complaints), myalgia (muscular complaints combined with CK elevation) and Rhabdomyolysis (muscular complaints with pronounced CK elevation more than 10 times the upper limit of normal).
SMV is known to be lipophilic statin, limited solubility and irregular intestinal absorption are important causes of its low bioavailability less than 5% [13] . Thus, many various drug delivery systems such as polymeric micro/nanoparticle, dendrimer and liposome have been designed for improvement of SMV delivery [14] [15] [16] . Among those, nanoliposome is of great interest since it has been regarded as an efficient dosage form to increase the pharmacodynamics of the hydrophobic drugs through increasing solubility and absorption of the loaded drugs by encapsulating which within the bilayers of the liposomes [17, 18] . In previous publication, we reported that the SMV-Lipo remarkably increased the plasma concentration of SMV, compared to the free SMV, which result from the great solubilization and high efficient clathrin-mediated transepithelial transport of the SMV nanoliposome [19] . In addition, we proved the much greater inhibitory effect of SMV-Lipo than free SMV on ISO-induced cardiac hypertrophy and fibrosis, when given at the same dose of 10 mg/kg/d and same administration regimen (i.p.) [20] .
It has been commonly accepted that within the appropriate dose range, therapeutic effect of statin is dose-dependent and high-dose statin therapy could more efficiently prevent cardiovascular events than standard-dose therapy [4] . So, based on the results of SMV given at 10 mg/kg/d (i.p.), a 2.5 times higher dosage of 25 mg/kg/d (i.p.) was also used to evaluate their pharmacodynamics. Unexpectedly, the HE staining showed that the SMV-Lipo at this high dose produced a pronounced myocardiotoxicity, which evidenced by severe inflammatory cells infiltration and cell death, which has not been reported as an in vivo side effect of SMV so far. There are a few studies implied that statins can induce cardiomyocytes death or have toxic effects on cardiomyocytes, but the results are all from cellular experiments [21] [22] [23] . Hence, it is important to unveil the potential risk of systemic application of the SMV or SMV-Lipo and bring attention of people who use this medicine in clinic. Based on these, we selected 25 mg/kg/d as the dosage applied in this study to evaluate and compare the toxicities of the SMV and the SMV-Lipo on cardiomyocytes, muscle, liver and kidney.
Based on the preliminary work, the myocardiotoxicity of SMV-Lipo were observed in the mice which were subjected to isoproterenol (ISO) and SMV-Lipo simultaneously. In addition, it is not clear whether the SMV-Lipo presents myocardiotoxicity without ISO stimulation per se . Therefore, in this study, the myocardiotoxicity of the SMV and the SMV-Lipo were evaluated in the presence or absence of ISO stimulation. Besides, the toxicities of SMV and SMV-Lipo on muscle, liver and kidney were also compared, since muscular toxicity, hepatotoxicity and nephrotoxicity are the major SMV-related toxicities reported in clinic. In addition, the plasma SMV concentrations were determined by HPLC to confirm the improvement of SMV absorption and the potential aggravation of the nanoliposomal formulation on the SMV-related myocardiotoxicity and hepatotoxicity. Besides, to clarify whether the myocardiotoxicity observed in the SMV-Lipo treated mice arise from the enhanced absorption of SMV by the nanoliposomal formulation or from the SMV-Lipo itself, a high dose of the free SMV (50 mg/kg/d) was administrated to mice by i.p. to achieve a close plasma SMV concentration of the toxic SMV-Lipo, and the myocardiotoxicity of the free SMV was evaluated.
2.
Material and methods
Materials
All the materials and reagents are detailed in the supplementary material.
Animals
Male BALB/c mice of 10 weeks old, weighting from 24 to 25 g were obtained from SPF Biotechnology Co., Ltd. (Beijing, China). The ARRIVE guidelines were followed and all animal studies were performed based on the approval by Animal Care Committee, Peking University Health Science Center (LA2010-059). All mice were acclimatized for one week prior to experimentation. This article does not contain any studies with human participants performed by any of the authors. Table 2 -The group assignment and drug treatment for investigation of myocardiotoxicities of the free SMV (SMV dose was 50 mg/kg/d).
SMV-Lipo preparation and in vivo studies
We prepared the SMV-Lipo as we described in our previously published paper, and achieved comparable characteristic parameters of the SMV-Lipo (supplementary materials) as we reported before [19] .
To evaluate the toxicities of the SMV-Lipo, 48 male BALB/c mice were randomly assigned to six groups. The group assignment and drug treatment are shown in Table 1 . Briefly, the mice were subjected to daily subcutaneous (s.c.) injection of normal saline (NS) or ISO (5 mg/kg/d) for 7 d. The mice received intraperitoneal (i.p.) injection of SMV (25 mg/kg/d), SMV-Lipo (at an SMV dose of 25 mg/kg/d); The mice in the control group were treated with the blank nanoliposome to evaluate its toxicity; treatment began on the same day when ISO inducement or vehicle administration started and lasted for 7 d. After 7 d, cardiac function of the mice was evaluated using echocardiography (detailed in supplementary material), toxicities including myocardiotoxicity, muscular toxicity, hepatotoxicity and nephrotoxicity were evaluated in the presence or absence of ISO. Myocardiotoxicity was evaluated by HE staining (histological analysis is available in supplementary material), serum lactate dehydrogenase (LDH) activity, serum creatine kinase MB isoenzyme (CK-MB) concentration and the mRNA expression of fetal cardiac genes. Muscular toxicity was detected by serum creatine kinase (CK) activity and potassium concentration. Hepatotoxicity was evaluated by HE staining and serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity. Nephrotoxicity was evaluated by serum urea concentration and the ratio of N-acetyl-β-d -glucosaminidase (NAG) and creatinine (Cr) in urine. Real-time PCR was conducted for detecting the expressions of the genes involved.
In addition, to verify whether the myocardiotoxicities would also occur in the free SMV treated mice at a high SMV dose (50 mg/kg), 16 male BALB/c mice were randomly divided into four groups: NS, NS + SMV (50 mg/kg i.p.), ISO, ISO + SMV (50 mg/kg i.p.). The group assignment and drug treatment are shown in are shown in Table 2 .
Real-time quantitative PCR
The method of real-time quantitative PCR is detailed in supplementary material and the primer sequence is shown in Table 3 .
Serum biomarkers determination
For determination of LDH activity and CK-MB concentration, blood samples were collected and centrifuged to obtain serum. LDH and CK-MB were spectrophotometrically assayed using the kits as the manufacturer's protocol. To determine activities of CK, ALT, AST and potassium level, blood samples from each group were collected and centrifuged (Dragon Lab DM1424, Beijing, China) at 1672 g and 4 °C for 10 min to separate plasma. Blood samples were assayed using 7020 Automatic analyzer (Hitachi High-Technologies, Japan).
Pharmacokinetics studies and determination of plasma SMV concentrations
To determine the formulation effects of the nanoliposome on the pharmacokinetics of SMV, 16 BALB/c mice were randomly divided to two groups (8 mice in each group) and subjected to a single i.p. administration of SMV (25 mg/kg) or SMV-liposomes (equivalent to 25 mg/kg SMV). The blood samples were collected at time points of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.75, 5.5, 7, and 10 h. Plasma SMV concentrations were determined by HPLC (supplementary material).
Statistical analysis
All data were presented as mean ± SD and analyzed with SPSS19.0. One-way analysis of variance (ANOVA) were used to compare difference and P < 0.05 was considered statistically significant.
Results and discussion

Effects of the SMV and the SMV-Lipo on cardiac functions
As cardiac function maintenance is crucial for the patients taking cholesterol-lowering agents to prevent the cardiovascular events. We first investigated the mice cardiac function.
Echocardiography revealed that compared to the healthy animal, the mice subjected to ISO exhibited a marked increase in diastolic left ventricle posterior wall thickness (LVPW, d) (0.61 ± 0.03 vs . 0.89 ± 0.09, P < 0.001), suggesting that ISO administration result in cardiac hypertrophy in the model group. Treatment with the SMV or SMV-Lipo significantly decreased this parameter ( P < 0.05), suggesting that the SMV and SMVLipo at 25 mg/kg/d significantly inhibited ISO-induced cardiac hypertrophy ( Fig. 1 A and 1B) , which is consistent with our previous results [20] . Other parameters including Ejection fraction (EF%), percent fractional shortening (FS%), left ventricle internal diameter at end-systole (LVID, s), left ventricle internal diameter at end-diastole (LVID, d) had no significant difference among all the groups ( Fig. 1 C-1F) , indicating that the ISO, SMV and SMV-Lipo with the experimental regimen would not affect cardiac function significantly, due to the powerful compensatory mechanism of the heart.
Myocardiotoxicity evaluation of the SMV and SMV-Lipo
Myositis, which commonly affects skeletal muscle, is well characterized by an acute muscle ache, pain or other muscular complaints and myocyte necrosis allied with infiltration of inflammatory cells in biopsy [24] [25] [26] . HE staining of the heart sections ( Fig. 2 A) showed that at baseline without ISO stimulation, the mice subjected to SMV or SMV-Lipo alone were basically normal compared to the healthy animals. Mice in the ISO model group showed inflammatory cells infiltration and myocardiocytes necrosis. ISO + SMV-Lipo treatment remarkably deteriorated the ISO-induced inflammatory response which proved by the more diffused myocardiocytes loss and numerus inflammatory cells infiltrated in the interstitium. The extensive lesions in the SMV-Lipo group indicated that the SMV-Lipo triggered excessive cardiomyocytes loss and inflammatory response. The pathological changes displayed in the SMV-Lipo group highly suggested that statin related myositis could affect cardiomyocytes as well. It is reported that Lovastatin lead to the reduction of cardiomyocyte viability in a dose-dependent manner and part of this cardiotoxicity may involve oncotic and apoptotic cell death [27, 23] , which can be partly blocked by caspase-3 inhibitor. This might be an explanation for severe inflammatory cells infiltration in the SMVLipo group.
Similarly, ISO stimulation significantly upregulated the expressions of IL-6 and F4/80 ( Fig. 2 B and 2C) . The mice subjected to SMV only had no difference with those in the ISO model group. However, the mice in the ISO + SMV-Lipo group displayed a more pronounced increase in the relative expressions of IL-6 mRNA compared to the ISO model group, which indicated that the SMV-Lipo exacerbated the ISO-induced inflammation. Notably, under ISO stimulation, compared to the SMV group, the mice received SMV-Lipo showed significantly higher mRNA expression of IL-6, suggesting that when administrated at same dosage, the SMV-Lipo exhibited toxic effects on cardiomyocytes while SMV crude drug has no toxicity. ISO has been reported to impair the free fatty acid uptake in cardiomyocytes [28] , and it is reported that atorvastatin could inhibited the insulin-mediated glucose uptake [29] . Therefore, the metabolic disorder may be the reason of the SMV-Lipo related cardiomyocytes death.
Effects of the SMV and SMV-Lipo on serum biochemical parameters
The serum activity of LDH, which is a crucial enzyme for energy metabolism in heart and is generally used as a laboratory index for myocardial injuries, was significantly elevated by the SMV-Lipo ( Fig. 3 A) . Compared to the healthy animals, ISO stimulation increased the LDH by 22.4% (242.1 ± 17.72 vs. 296.4 ± 22.54, P > 0.05). Under ISO stimulation, the SMVLipo further elevated the serum LDH level (379.8 ± 52.97 vs. 296.4 ± 22.54, P < 0.05) while SMV had no difference with ISO group, which indicated that the SMV-Lipo aggravated ISO induced myocardiocytes injury. To exclude the elevation of LDH due to other types of muscle injuries, we tested cardiac specific CK-MB ( Fig. 3 B) . The levels of released CK-MB in the blood stream were comparable between the SMV and SMVLipo group at the basal line without ISO stimulation or after ISO stimulation. Since SMV blocks the cholesterol synthesis and membrane cholesterol modulates membrane fluidity in various tissues. The SMV may disrupt the membrane fluidity and integrity of cardiomyocytes, which eventually lead to leakage of cellular content and cell death, which is deteriorated by the SMV-Lipo, as evidenced by LDH activity and CK-MB. At the same time, the blank Lipo is nontoxic to cardiomyocytes because the lipids commonly used in preparation of liposomes are found biocompatible, biodegradable and less immunogenic in the human body [30, 31] . The observed Skeletal muscular adverse effect is the most commonly reported side effect of statins. According to ACC/AHA/NHLBI and FDA definitions [12] , the muscular adverse effects of statin are characterized by muscle pain or weakness combined with increased concentration of CK in blood, which is a protein biomarker of the damaged myocytes. The results showed that compared to the healthy animals in control group, ISO, SMV, SMV-Lipo treated mice showed comparable levels of serum CK. ISO had no direct effect on CK. Compared to ISO model group, SMV administration elevated the CK level by 17.1% and SMV-Lipo elevated the CK level by 69.4% (1696 ± 316.8 vs. 1001 ± 284.6, P < 0.05), Which suggested that the mice subjected to ISO + SMV-Lipo displayed muscular disorder ( Fig. 3 C) . Among all the groups, when administrated at the equal dosage and regimen, the SMV-Lipo but not the SMV led to a significant CK elevation. Since the blank liposome had no muscular toxicity, indicating that the SMV related muscular toxicity might be amplified by the SMV-Lipo. Potassium elevation, which is an important indication for rhabdomyolysis, was not observed in all mice groups ( Fig. 3 D) . These results could be explained as that the short period of drug administration and the dosage used in this study induced muscular disorder, but without lifethreatening rhabdomyolysis.
Some of breakdown products of the damaged skeletal muscles, such as the protein myoglobin may lead to kidney failure. Therefore, we next evaluated the nephrotoxicity of SMV-Lipo. At basal condition, there were no significance among the control, SMV and SMV-Lipo groups. But the level of serum urea in SMV-Lipo treated mice had an upward tendency compared to their respective control, which indicated the SMV-Lipo may affect the kidney function ( Fig. 3 E) . To determine whether the SMV-Lipo injured the kidney structure, the ratio between the NAG and creatinine in urine was investigated ( Fig. 3 F) , as it is a sensitive biomarker of renal tubular injury in clinic. However, NAG/Cr ratio showed no difference among all these groups, indicating that there was no organic lesion in renal tubules under SMV or SMV-Lipo treatment with or without ISO inducement.
Hepatotoxicity evaluation of the SMV and SMV-Lipo
Another commonly reported adverse effect of statin is hepatotoxicity, which is characterized by the elevated plasma concentrations of transaminases. The incidence of liver toxicity is far less than that of the muscular adverse effects [32] . At the basal condition without ISO inducement, HE staining ( Fig. 4 A) showed that without ISO induction, the lobular structures and liver cells are basically normal in the SMV group, while liver cells in the SMV-Lipo group arranged in disorder and centrilobular hepatocytes showed microvesicular steatosis (accumulation of small lipid droplets in cytoplasm) compared with the liver of healthy animals. ISO stimulation did not affect the liver morphology compared to the healthy animals.
Compared to the ISO model, the liver cells in SMV-Lipo groups were severely damaged and showed diffused microvesicular steatosis, indicating the injury of liver cells caused by SMV-Lipo administration. In both condition with or without ISO stimulation, the liver enzyme ALT were significantly elevated by SMV-Lipo treatment compared with their respective controls ( Fig. 4 B) . The AST level were comparable among all groups ( Fig. 4 C) , which may because the ALT is more sensitive indicator than AST for early and acute hepatic damage. Taken together, the hepatotoxicity of SMV were aggravated by the SMV-Lipo. The mechanisms may involve several aspects. It is reported that SMV inhibits not only the cholesterol biosynthesis but also the lipophilic side chain of ubiquinone, which is very important for the electron transport chain (ETC) in mitochondria [33] . The disruption of mitochondrial respiratory function could be responsible for the observed organ toxicities, particularly in heart ( Fig. 2 , Fig. 3 A and B) and liver ( Fig. 4 ) . As the metabolism in these two organs is exuberant and they are rich in mitochondria. Besides, SMV is hydrolyzed in the liver, the increased accumulation of the SMV in the hepatocytes enhanced by liposomal formulation may be another reason of the SMV-Lipo-induced hepatocytes toxicity.
Plasma concentrations and pharmacokinetics of the SMV and SMV-Lipo
In our previous work, we have proved that the blank Lipo had no toxicity in the presence or absence of ISO [19] . The pronounced myocardiotoxicity, muscular and hepatotoxicity of the SMV-Lipo drew our attention to the plasma SMV concentration. The results of HPLC analysis showed that compared to the SMV group, the stable plasma SMV concentration was significantly higher in the SMV-Lipo group, when they were administrated to the mice at the equal dosage of 25 mg/kg/d and regimen (i.p.) ( Fig. 5 A) .
Besides, the results of the pharmacokinetics study revealed that the maximum plasma concentrations ( C max ) of SMV and the SMV-Lipo treated groups were 145.83 ± 34.2 and 653.64 ± 74.1 ( P < 0.001), respectively. The C max of the SMV-Lipo treated group was 4.48 times higher than the free SMV ( P < 0.001) ( Fig. 5 B) . The key parameters of pharmacokinetics are shown in Table 4 . The results demonstrated that compared to free SMV, the liposome formulation remarkably promoted the bioavailability of SMV to 6.5 times. These results further proved that SMV-Lipo significantly increased the absorption and bioavailability of SMV.
Myocardiotoxicities of the free SMV
To further clarify that the myocardiotoxicities of the SMV-Lipo did arise from the enhanced absorption of SMV but not from nanoliposome itself, we increased the dosage of free SMV to 50 mg/kg/d (i.p.). The results of HPLC showed that the stable plasma SMV concentration of the free SMV treated mice group yielded about 0.8 mg/L, which was at the comparable plasma SMV concentration of the toxic SMV-Lipo given at 25 mg/kg ( Fig. 6 B) . HE staining of the heart sections ( Fig. 6 A) showed that at baseline without ISO stimulation, the mice subjected to SMV alone had no obvious abnormality compared to the healthy animals. Mice in the ISO model group showed inflammatory cells infiltration. Notably, the inflammatory response was aggravated in the mice subjected to ISO and SMV simultaneously. Consistently, the mRNA expression of biomarker of the macrophage F4/80 was significantly up-regulated ( Fig. 6 C) and myocardiocytes injury indicator LDH in serum was also significantly increased in the ISO + SMV group ( Fig. 6 D) , which indicated that when the plasma concentration of SMV is equivalent to the SMV-Lipo, the same myocardiotoxicities could also occur in the free SMV treated mice. These results further confirmed that the SMV-Lipo induced significant myocardiotoxicity, as well as the muscular toxicity and hepatotoxicity, due to the absorption enhancement of SMV by nanoliposomal formulation. So, the toxicities of SMV, especially the myocardiotoxicity, demonstrated in this study are not only crucial for the SMV-Lipo, but also cannot be neglected for the all commercialized SMV formulations aimed to improve the bioavailability or for long-term application of SMV. The latter might also lead to the accumulation of SMV and their plasma concentrations of SMV could be elevated either in some circumstances (eg. drug interactions or some drugs inhibiting the activity of liver drug-metabolizing enzymes), and subsequently the myocardiotoxicity of SMV would occur unavoidably. 
Conclusion
In this study, we demonstrated that when given at the same dosage and administration regimen, the SMV-Lipo presented significant myocardiotoxicity, muscular toxicity and hepatotoxicity due to the absorption enhancement of SMV by nanoliposomal formulation.
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